The pimelate moiety of biotin is made by a modified fatty acid synthesis pathway.
was the E. coli protein solubilized from inclusion bodies. These preparations had very low activities that precluded direct enzymatic assay, although activity could be detected by bioassays. As previously reported by others (11) , when overexpressed, E. coli BioC was invariably insoluble, either the native protein or as various affinity-tagged versions. In vitro protein synthesis also failed to yield detectable amounts of E. coli BioC. Given this situation we surveyed BioC proteins from a diverse set of bacteria for the ability to functionally replace E. coli BioC in vivo and for solubility upon high level expression. We now report the enzymatic properties of Bacillus cereus BioC.
EXPERIMENTAL PROCEDURES
Materials-The defined medium was M9 (12) supplemented (final concentrations) with 0.2% glucose, 0.1% vitamin assay casamino acids and 1 g/ml thiamine except when 0.2% arabinose replaced glucose. RB medium contained 10 g of tryptone, 1 g of yeast extract, and 5 g of NaCl per liter of H 2 O. 2XYT medium contained 16 g of tryptone, 10 g of yeast extract, and 5 g of NaCl per liter of H 2 O. M9 was added as a buffer to LB, RB, and 2XYT media to give LB-M9, RB-M9, and 2XYT-M9 media, respectively. Agar was added to 1.5%. PMSF (Sigma-Aldrich) was dissolved in ethanol to 100 mM. E. coli ACP (apo form), Mtn (E. coli 5Ј-methylthioadenosine/S-adenosylhomocysteine nucleosidase), and Sfp (a Bacillus subtilis phosphopantetheinyl transferase) were prepared from strains DK574/pJT94, ER103, and NRD4 -33, respectively, strictly according to the protocols published previously (13) (14) (15) .
Plasmid Constructions-Plasmids and oligonucleotide primers are listed in Table 1 . The E. coli metK gene was PCR-amplified from MG1655 genomic DNA using oligonucleotides B24 and B25. The DNA product was digested with NcoI and XhoI and ligated to vector pET28bϩ digested with the same enzymes to give plasmid pSTL27. The B. cereus ATCC10987 bioC gene A, the biotin synthetic pathway is initiated by BioC-catalyzed methyl transfer from SAM to malonyl-ACP. B, the malonyl ACP methyl ester enters the fatty acid synthetic cycle as the primer. Two rounds of the fatty acid chain elongation cycle gives pimeloyl-ACP methyl ester. C, pimeloyl-ACP methyl ester is hydrolyzed by BioH to form pimeloyl-ACP, which is a substrate for BioF. D, BioF begins assembly of the biotin rings by catalyzing the pyridoxal phosphate-dependent decarboxylative condensation of pimeloyl-ACP and L-alanine. KAPA, 7-keto-8-amino-pelargonic acid (also called 8-amino-7-oxononanois acid). The pathway is given in greater detail in Refs. 5 and 6. CTC ACA ATT CCA CAA CGG TTT CCC TCT AG  A78  CTT GGG GAC TCG AGA CGC TTA CC  B13  GCG TTA GTA GCA CCA CCA CCA C  B14  GGT GGT GCT ACT AAC GCT TAC CCT C  B15  CGG TGA GCT TCG ATC AAT ACG C  B16  GAT CGA AGC TCA CCG CAG C  B17  CCT ACA ACG TTA TCA TTA GCA ACG C  B18  GAT AAC GTT GTA GGT TTC TTC CAA ACG C  B19  CCA GCA ACT GCA TGC GAG C  B20  GCA GTT GCT GGA AAG TTT CCT G  B21  GCT ACC TTT CAC GCG TTG TTT GTC C  B22  GCG TGA AAG GTA GCC ATG ATG C  B23  CCT TGG GGA AGC TTA ACG CTT ACC C  B24  TTA GGT GAT ATT AAC CAT GGC AAA ACA CC  B25  CGC AGG TGA AGA ACT CGA GCT TCA GAC CGG C was synthesized in codon-optimized form by DNA2. cereus BioC was expressed in strain STL204 as follow. The strain was inoculated into 5 ml of LB medium supplemented with 50 g/ml kanamycin and grown overnight at 30°C. The culture was transferred to 500 ml of LB-M9 medium supplemented with 50 g/ml kanamycin and shaken at 37°C for 6 h. The cells were harvested by centrifugation and resuspended in 10 ml of LB medium supplemented with 50 g/ml kanamycin. The cell suspension (2.5 ml) was added to 1 liter of 2XYT-M9 medium containing 50 g/ml kanamycin and 0.5 M isopropyl thiogalactopyranside. The culture was shaken at room temperature for 17 h. The cells were harvested by centrifugation, and the cell pellet was stored at Ϫ80°C.
The cells were suspended in purification buffer which was 25 mM MES (pH 6), 0.1 M LiCl, 10% glycerol, and 5 mM tris(2-carboxyethyl)phosphine (TCEP) containing 10 mM PMSF. DNase I (Sigma) 5 g/ml was added, and the cells were lysed by two passages through a French pressure cell at 17,500 p.s.i. The soluble cell extract was obtained by centrifugation at 20,000 ϫ g and filtration through a 0.45-m filter (Millipore). All subsequent protein purification steps were performed at 4°C on an ACTA Purifier FPLC using columns from GE Healthcare Life Sciences. The extract was loaded at 2 ml/min into a HiTrap SP FF column that had been equilibrated with purification buffer. The column was washed with purification buffer containing 0.2 M LiCl. BioC was eluted with purification buffer containing 0.3 M LiCl, and the volume of the BioC eluate was concentrated to 20 ml with an Amicon centrifugal filter (molecular mass cutoff of 10 kDa) (Millipore). Twenty ml of purification buffer containing 2 M (NH 4 ) 2 SO 4 was added slowly to the BioC eluent to give 1 M (NH 4 ) 2 SO 4 final concentration. The mixture was filtered through a 0.45-m filter before loading into a HiTrap phenyl-Sepharose column at 2 ml/min. The column was washed with purification buffer containing 1 M (NH 4 ) 2 SO 4 . BioC was eluted by a linear gradient to decrease the (NH 4 ) 2 SO 4 concentration from 1 M to 0 over 10 column volumes. The BioC fractions were combined, and the volume was reduced to ϳ3 ml using an Amicon centrifugal filter (molecular mass cutoff of 10 kDa). Finally, BioC was purified in a HiLoad 26/60 Superdex 200 column in 25 mM MES (pH 6), 0.2 M NaCl, 10% glycerol, and 1 mM TCEP. Protein concentration was determined by Bradford assay, and protein purity was analyzed by SDS-PAGE and Coomassie Blue staining.
Preparation of SAM-A C-terminal hexahistidine-tagged MetK protein was expressed in strain STL215. The strain was inoculated into 5 ml of LB medium supplemented with 50 g/ml kanamycin at 30°C and grown overnight. The cells were diluted 1:100 into 300 ml of LB-M9 medium supplemented with 50 g/ml kanamycin. The culture was incubated at 37°C for 4.5 h. Isopropyl thiogalactopyransoide was added to 10 M to induce protein expression for 2 h at 37°C. The cells were harvested and resuspended in 9 ml of BugBuster Master Mix (EMD) and incubated at room temp for 40 min for lysis. Twenty ml of loading buffer (25 mM HEPES, pH 7.5, 0.5 M NaCl, 20% glycerol, 5 mM TCEP, and 20 mM imidazole) was added, and the mixture was centrifuged at 20,000 ϫ g to remove cell debris. The supernatant was incubated with 1.5 ml of nickel-nitrilotriacetic acid (Qiagen) at 4°C for 30 min. The resin was transferred to a 10-ml column. The column was washed once with 20 column volumes of loading buffer and then 40 column volumes of loading buffer containing 60 mM imidazole. The protein was eluted in loading buffer containing 500 mM imidazole and dialyzed against 25 mM HEPES (pH 7), 0.2 mM KCl, 10% glycerol, and 1 mM TCEP at 4°C overnight. Protein concentration was determined by Bradford assay (Bio-Rad).
The enzymatic synthesis of SAM was adapted from Park et al. (16) and Farrar et al. (17) . The reaction consisted of 100 mM Tris-HCl (pH 8), 200 mM KCl, 100 mM MgCl 2 , 20% acetonitrile, 50 mM ATP, 20 mM Met, and 0.12 mM MetK and incubated at 37°C for 2 h. One ml of 4 M sodium acetate (pH 4) was added, and the mixture was incubated on ice for 10 min to precipitate MetK. Ten ml of 0.2 M sodium acetate (pH 4) was added to the supernatant, and the mixture was transferred to a 1.5-ml Amberlite CG50 column that was equilibrated with 15 column volumes of 0.2 M sodium acetate. The column was washed with 15 column volumes of 0.2 M sodium acetate. SAM was eluted in 0.1 M H 2 SO 4 containing 10% ethanol (pH ϳ1) and stored at Ϫ80°C. The concentration of SAM was determined by A 260 using an extinction coefficient of 14,700 M Ϫ1 cm Ϫ1 . The purity of SAM was analyzed by HPLC. The samples were injected onto a Waters Bondapack C18 column and eluted with a linear gradient from 0.2 M ammonium acetate to methanol for 6 min at a flow rate of 0.7 ml/min at room temperature. ATP, SAM, and methylthioadenosine were monitored at 260 nm. A working solution of [methyl- Preparation of Malonyl-ACP-Malonyl-ACP was synthesized from ACP (apo form) and malonyl-CoA (Sigma-Aldrich) using Sfp, a B. subtilis phosphopantetheinyl transferase, as described previously (15) . The reaction consisted of 100 mM MES (pH 6), 10 mM MgCl 2 , 10 M Sfp, 0.5 mM ACP, and 0.75 mM malonyl-CoA. Acetyl-ACP, succinyl-ACP and glutaryl-ACP were prepared by the same procedure, from acetyl-CoA, succinyl-CoA, and glutaryl-CoA, respectively. Malonyl-ACP methyl ester was synthesized by BioC using malonyl-ACP and SAM as substrates. The reaction contained 100 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 10% glycerol, 200 mM NaCl, 0.3 M BioC, 3 M Mtn, 0.5 mM malonyl-ACP, and 1 mM SAM. The reactions were incubated at 37°C for 1 h. ACP products were purified using a Vivapure D column and analyzed by gel electrophoresis (13) . To verify BioC methylation, malonyl-ACP and malonyl-ACP methyl ester were dialyzed against 2 mM ammonium acetate in a 3-kDa molecular mass cutoff dialysis cassette (Pierce) at 4°C overnight. The ACP species were dried under vacuum, and the mass was analyzed by MALDI-TOF/electrospray ionization mass spectrometry at the University of Illinois School of Chemical Sciences Mass Spectrometry Laboratory.
BioC Methyltransferase Assay-The 50-l reaction consisted of 100 mM sodium phosphate buffer (pH 7), 20 mM MgCl 2 , 100 mM NaCl, 20% glycerol, 20 nM Mtn nucleosidase, 100 nM BioC, malonyl-ACP and [methyl-3 H]SAM. To determine the kinetic parameters for malonyl-ACP and SAM, the concentrations of [methyl- 3 H]SAM and malonyl-ACP were fixed to 100 and 75 M, respectively. A premix lacking BioC equivalent to 6.5 reactions was prepared and incubated at 37°C for 1 min. The reactions were then initiated by adding BioC. A 50-l sample was taken from the premix vial at each time point and transferred into a 1.5-ml tube in dry ice to quench the reaction. The ACP product was purified from [methyl-3 H]SAM using Macro-Prep High Q resin (Bio-Rad) as follows. One ml of washing buffer (50 mM sodium acetate, pH 4.5, and 25 mM NaCl) was added to the 50-l reaction sample followed by 100 l of Q resin (50% slurry in 20% ethanol), and the mixture was incubated for 5 min for ACP binding. The resin was pelleted by centrifugation, and the pellet was resuspended in 1 ml of washing buffer and again centrifuged. This process was repeated four more times, and then the ACP species were eluted by adding 1 ml of washing buffer containing 0.5 M NaCl. The eluent was mixed thoroughly with 4 ml of Bio-Safe II scintillation fluid (Research Products International Corp.), and 3 H radioactivity was determined in a Beckman LS6500 scintillation counter. Other acyl-ACPs and malonyl-CoA were assayed by the same procedure except that in purification of CoA species, 25 mM MES (pH 6) was used in place of sodium acetate. All reactions were repeated three times, and Michaelis-Menten kinetic parameters were determined by OriginPro 8.6.
ACP is larger and contains more negative charges than the single acidic group of CoA and hence binds more strongly to ion exchange resins than CoA. We tested the relative binding efficiencies of ACP and CoA to the Q resin, by use of [ 14 C]malonylCoA. The binding capacity of the Q columns was sufficient to capture 400 nmol of malonyl-CoA (equivalent to 8 mM in a 50-l reaction). After extensive washing, there was ϳ20% loss of bound malonyl-CoA, suggesting that BioC activity on malonyl-CoA was slightly underestimated. However, the leaching of CoA from the Q resin was insignificant relative to the differences in BioC activity on malonyl-CoA versus malonyl-ACP.
Phospholipid Labeling Assay-Derivatives of E. coli strain NRD204 carrying either a plasmid-encoded bioC wild-type gene or a mutant gene were inoculated into 5 ml of RB-M9 medium supplemented with 25 g/ml of tricarcillin:clavulanate (15:1) and grown at 30°C overnight. One hundred l of the cells were subcultured in 100 ml of RB-M9 medium supplemented with 25 g/ml of tricarcillin:clavulanate (15:1) and incubated at 37°C. Cell growth was monitored by absorbance at 260 nm every 20 min. Arabinose was added to 0.2% (w/v) to induce BioC expression when the A 260 nm reached 0.3. To determine the rates of phospholipid labeling, 1-ml samples of cultures were transferred to 15-ml tubes containing 5 Ci of sodium [1- 14 C]acetate (55.5 mCi/mmol from American Radiochemicals) and incubated at 37°C for 20 min. Three ml of a chloroform:methanol mixture (1:2) was added and mixed thoroughly by vortex mixing to extract the lipids, and the sample was stored at 4°C overnight. Lipid extraction began by mixing in 1 ml of chloroform and then 1 ml of H 2 O. The mixture was centrifuged at 4,000 ϫ g to accelerate partitioning into two phases. The bottom (chloroform) phase was transferred to a new tube, and the solvent was evaporated under nitrogen. The lipid pellet was dissolved in 50 l of chloroform:methanol (2:1) and spotted on a silica G thin layer chromatography plate. The phospholipids were resolved by TLC using a solvent system which consisted of chloroform:methanol:acetic acid (65: 25:8 
RESULTS

Soluble Expression and Purification of B. cereus BioC-A
large assortment of expression constructs, growth conditions, and host cells failed to give soluble E. coli BioC and thus we resorted to screening putative BioCs from other bacteria. The BioCs from bacteria closely related to E. coli had the same recalcitrant behavior as E. coli BioC, and thus we went further afield. BioC homologues from Kurthia species, Pseudomonas putida, and Chlorobium tepidum were highly toxic to E. coli and could not be expressed to high levels. The only amenable BioC homologue found was that of B. cereus ATCC10987. The B. cereus bio operon is unidirectional and encodes homologues of all of the E. coli bio enzymes (18) . The bioC gene is located between bioH and bioB, and its coding sequence partially overlaps that of bioH. This gene arrangement differs markedly from that found in E. coli where the bio operon is transcribed bidirectionally, and the bioH gene is located elsewhere in the genome. Although the sequence of B. cereus BioC shares only 26.5% identity with E. coli BioC (Fig. 2A) , expression of the protein supported growth of an E. coli ⌬bioC strain in the absence of biotin (Fig.  2B) , and mutagenesis of residues conserved between the two proteins and BioCs encoded by a diverse set of bacteria ( Fig. 2A) resulted in loss of complementation activity in three of the four mutants constructed. To obtain maximum expression in E. coli, a synthetic B. cereus bioC gene in which the codons had been altered to those favored by E. coli was used. The native protein was expressed in E. coli in soluble form by overnight expression at room temperature. B. cereus BioC was purified to apparent homogeneity in three chromatographic steps using anion exchange chromatography followed by hydrophobic interaction chromatography and size exclusion chromatography as shown by denaturing gel electrophoresis and analytical size exclusion chromatography (Fig. 3) . BioC eluted from the size exclusion column as a protein of 31.2 kDa, indicating that it is monomeric in solution (Fig. 3B) . The protein was stable throughout purification, assay, and storage.
Assay of BioC Methyl Transfer-The methyl transfer assay took advantage of the acidic nature of both ACP (pI of 4.1) and CoA (because of its 3Ј-phosphate group). Hence substrates in thioester linkage to either ACP or CoA bound the anionic Q ion exchange resin, whereas the positively charged methyl donor, [methyl-
3 H]SAM, passed through the column.
SAM is a highly unstable molecule (17, 19) . The biologically active (S,S) configuration of SAM is prone to spontaneous racemization at the sulfonium center to yield the inactive (R,S)-diastereomer (19) . SAM can also spontaneously degrade by intramolecular S N 2 attack of the methionine carboxylate on the ␥-carbon into methylthioadenosine and homocysteine (19) . Typically commercial SAM is extracted from yeast and purified by HPLC to give preparations containing only ϳ43% of (S,S)-SAM, the biologically active species, with the remainder composed of the racemized species, degraded products such as S-adenosylhomocysteine (SAH) and as much as 10% of unidentified substances (17) . These contaminants are known to interfere with SAM-dependent enzymes and are difficult to remove (17) . To obtain reliable kinetics, we enzymatically synthesized (S,S)-SAM from ATP and L-methionine using the E. coli MetK SAM synthetase (Fig. 4, A and B) . SAM was purified to homogeneity by weak ion exchange chromatography (Fig. 4C) . The product was stable in sulfuric acid at Ϫ80°C and gave the expected mass and fragmentation products in LC-MS and LC-MS/MS analyses (Fig. 4, D and E) . The synthetic SAM was mixed with commercial enzymatically prepared [methyl-3 H]SAM to a specific activity of 91.3 cpm/mol of [methyl-3 H]SAM. Note that the Mtn (also called Pfs) nucleosidase that cleaves the glycosidic bonds of SAH (and methylthioadenosine) was included in the assay to prevent inhibition of BioC by the SAH generated in the methyl transfer reaction.
We tested malonyl-ACP and malonyl-CoA as BioC methyl acceptor substrates and found that malonyl-ACP was a much better substrate than malonyl-CoA (Fig. 5) . Holo-ACP, acetyl-ACP, succinyl-ACP, and glutaryl-ACP were also assayed and no methyl transfer was detected, indicating that BioC specifically targeted malonyl-ACP. Malonyl-CoA methylation occurred, but only at much higher substrate concentrations. Under the same reaction conditions, BioC required 8 mM malonyl-CoA to achieve 50% of the activity obtained from 0.05 mM malonyl-ACP (Fig. 5) . The product of methyl transfer to malonyl-ACP was demonstrated to be malonyl-ACP methyl ester by mass spectral analysis (Fig. 6) . We also tested glutaryl-CoA, succinylCoA, and methylmalonyl-CoA as substrates at both 4 and 8 mM in parallel with malonyl-CoA. Only malonyl-CoA acted as a methyl acceptor (data not shown), indicating that BioC is specific for the malonyl moiety irrespective of the thioester-linked moiety.
In further analyses, the pH profile of B. cereus BioC was determined, and the highest methyl transfer activity was at pH 7 in a sodium phosphate buffer. Within the pH range 5-7.5, the activity remained above 50% but decreased drastically outside this range (Fig. 7A) . B. cereus. The addition of metal ions or EDTA to the reaction neither enhanced nor reduced BioC activity significantly (Fig. 7B) . The kinetic parameters for malonyl-ACP (Fig. 7C) and SAM (Fig. 7D) were determined in sodium phosphate buffer at pH 7.
Potent Inhibition of BioC Methyl Transfer by SAH and Sinefungin-In general SAM-dependent methyltransferases are inhibited in a competitive manner by SAH, the product of methyl transfer, and as expected SAH inhibited BioC in a concentration-dependent manner (see Fig. 8 ). Another potent methyltransferase inhibitor is sinefungin, a natural antibiotic isolated from Streptomyces griseolus (20, 21) . Sinefungin, a steric and electrostatic mimic of SAM, is generally a more potent methyltransferase inhibitor than SAH (20) and completely abolished BioC activity at 10 M and reduced BioC activity by ϳ60% at 0.1 M (Fig. 8) .
To ascertain the effectiveness of the Mtn nucleosidase included in the BioC assay, we tested whether Mtn addition reversed inhibition of BioC by exogenously added SAH. Mtn addition completely neutralized the effects of 0.1 and 1 M SAH and partially rescued inhibition by 10 M SAH (Fig. 8) . As expected because of its lack of a sulfur moiety, sinefungin was not cleaved by Mtn and remained fully inhibitory its presence. A series of SAM-related compounds were also tested. 5Ј-Deoxyadenosine, a byproduct of reaction catalyzed by radical SAM enzymes such as BioB, was not inhibitory, and nor was methylthioadenosine, a SAM degradation product. Adenosine and homocysteine also had no effect on BioC methylation activity (Fig. 8) .
In Vivo Fatty Acid Synthesis Is Inhibited by High Level Expression of BioC-It has been reported that overexpression of BioC impaired cell growth; however, the exact cause of BioC toxicity was unclear (22) . We suspected that high levels of BioC expression would lead to an elevated level of BioC methylation, resulting in depletion of the malonyl-ACP pool. Malonyl-ACP is the building block of the canonical fatty acid synthesis pathway, whereas malonyl-ACP methyl ester has no known function other than in biotin synthesis. In fatty acyl chain elongation, the FIGURE 4. Synthesis and mass spectral characterization of SAM. A, synthesis of SAM from ATP and L-methionine. B, the synthesis was monitored on HPLC at 260 nm. SAM is highly unstable and readily degrades into methylthioadenosine (which absorbs at 260 nm) and homoserine. C, SAM was purified by ion exchange chromatography to remove reactants and degraded products. D and E, purified SAM was subjected to LC-MS (D) and LC-MS/MS (E) analyses. The detected mass corresponded to the theoretical mass of 398.44 g/mol. In LC-MS/MS, fragmentation at the sulfonium ion in MS/MS gave rise to adenosine and methylthioadenosine.
FIGURE 5. Specificity of the B. cereus BioC methyltransferase. A, the activity was determined using different acyl-ACPs as methyl acceptor. Holo-ACP is ACP with a free thiol. B, methyl transfer to malonyl-CoA.
-carboxyl group of malonyl-ACP is decarboxylated by 3-ketoacyl-ACP synthase. Loss of the terminal carboxylate group from the malonate moiety results in the formation of a carbanion that attacks the 3-ketoacyl-ACP synthase acyl enzyme intermediate (23) . Methylation of the malonate -carboxyl group would block this decarboxylative condensation and thus fatty acid synthesis. Indeed, high level production of BioC should mimic the effects of inactivating FabD (24), the enzyme that converts malonyl-CoA to malonyl-ACP.
To test this scenario, strain E. coli NRD204 carrying a plasmid encoding the B. cereus bioC gene under an arabinose-inducible promoter was constructed. As a control we similarly constructed a strain that expressed the BioC Y18F protein, which failed to complement E. coli BioC in vivo (Fig. 2B) . Induction of wild-type B. cereus bioC impaired cell growth within an hour and led to a complete blockage of growth by 3 h (Fig. 9A) . No growth inhibition was detected in the vector control or in the absence of the arabinose inducer, indicating that wild-type BioC caused the growth inhibition. In contrast, induction of bioC Y18F expression showed normal cell growth in the first 3 h. However, this strain reached the stationary phase sooner and at a lower density than the vector control and the uninduced strain (Fig. 9A) , suggesting that BioC Y18F retains partial activity and therefore required more time to deplete the malonyl-ACP pool. The differing activities of BioC Y18F in the complementation assay and the present inhibition assay is explained by the roughly 100-fold difference in expression levels of the araBAD promoter when repressed (glucose) versus induced (arabinose) (25) .
To monitor the rates of phospholipid synthesis, the cultures were sampled at different time points in the growth curve and incubated with [1- 14 C]acetate for 10 min to label the phospholipid fatty acid moieties. The phospholipids were then extracted from cultures, resolved by thin layer chromatography TLC, and visualized by autoradiography (Fig. 9B) . In the strain expressing wild-type BioC only a faint phosphatidylethanolamine spot was detected at the first time point and nothing at the later time points. As generally seen in E. coli, strains lacking an enzyme that acts early in fatty acid synthesis, the turbidity of the culture continued to increase after fatty acid synthesis ceased. This observation was previously reported with E. coli fadD strains (24) and other strains blocked early in the fatty acid synthesis pathway. In contrast the vector control and uninduced strains continued fatty acid and phospholipid syntheses normally, whereas as expected from the growth curve, induction of BioC Y18F expression resulted in reduced phospholipid labeling, although the reduction was not as severe as that seen upon expression of the wild-type BioC (Fig. 9B) .
DISCUSSION
In prior work we were unable to directly assay BioC methylation activity because overexpressed E. coli BioC was inactive and insoluble (5) . Solubilization and refolding of E. coli BioC yielded a weakly active enzyme, the activity of which could be detected by bioassay of extracts of an E. coli ⌬bioC strain to which the refolded enzyme had been added (5) . No activity could be detected by direct assay using [methyl-
3 H]SAM and malonyl-CoA (data not shown). Although the weak BioC activity was probably due to improper or incomplete refolding of the protein, other possibilities were inhibitory contaminants in commercial SAM (17) and that malonyl-CoA was not the correct substrate. It was also possible that BioC might be an intrinsically poor catalyst.
We previously favored malonyl-CoA over malonyl-ACP as the BioC methyl acceptor (5) because malonyl-CoA methyl ester seemed likely to take the place of acetyl-CoA, the substrate of 3-ketoacyl-ACP synthase III (FabH), which primes the synthesis of new acyl chains (23) . To our surprise malonyl-CoA was found to be a poor substrate for BioC. Methylation of malonyl-CoA was detected, but only at high nonphysiological substrate concentrations (Fig. 7) . BioC was saturated by 22 M malonyl-ACP (Fig. 8) , whereas the enzyme showed no signs of becoming substrate-saturated at 8 mM malonyl-CoA (Fig. 6) . Given that the intracellular concentration of malonyl-CoA in E. coli is 35 M (26), BioC methylation of malonyl-CoA seems most unlikely to occur in vivo. The ability of BioC to methylate malonyl moieties linked to either ACP or CoA is not unprecedented. Acyl-CoAs are often reasonable in vitro analogues of acyl-ACPs because they share the 4Ј-phosphopantetheine group and both are acidic molecules. When acyl-CoAs are in vitro substrates for enzymes known to use acyl-ACPs in vivo, the usual pattern is that the K m values of the acyl-CoAs are considerably higher than those of the cognate acyl-ACPs, although the V max values can be similar (27) . The present case fits this pattern, although no malonyl-CoA kinetic constants could be obtained because we were unable to saturate the enzyme with the substrate. Note that the ACP moiety of malo-nyl-ACP was that of E. coli, whereas the BioC was from B. cereus, and thus it remains possible that the malonyl-thioester of B. cereus ACP might be a better methyl acceptor than the substrate we tested (the residue identity of the E. coli and B. cereus ACPs is 62%). This caveat aside, it is clear that B. cereus BioC functions with E. coli ACP both in vivo and in vitro. The K m for SAM (1.9 Ϯ 0.1 M) falls well within the physiological concentration of SAM of 200 -300 M (26, 28), and thus the enzyme seems well able to compete with the many SAM-dependent methyltransferases and SAM radical enzymes.
We previously postulated that BioC might be a poor catalyst (5) because the cellular demand for biotin is extremely low, suggesting that BioC might not have undergone evolutionary selection for catalytic efficiency. Indeed, the BioC k cat values of ϳ200 s Ϫ1 are modest, although not nearly as low as those of the , respectively. Hence, when compared with BioD (29) and BioB (17), BioC is an effective catalyst. A rationale for the disparity between the first and concluding enzymes of the biotin synthetic pathway is that BioC must have reasonable activity to effectively compete with the 3-ketoacyl-ACP synthases for malonyl-ACP. However, if BioC is overly active, it will convert too much malonyl-ACP to the methylated species and thereby block fatty acid synthesis. Hence, both BioC activity and expression must be tightly controlled. Because in E. coli (and in all probability B. cereus), the bioC gene is cotranscribed with the other genes of the pathway, its level of expression is coordinated with that of the later genes, and thus the activity of BioC seems set to ensure steady, low level production of malonyl-ACP methyl ester when biotin is limiting. Lévy-Schil et al. (22) reported that high levels of BioC expression impaired growth of E. coli. They postulated that an early precursor of the biotin synthetic pathway might be required by another essential metabolic pathway and that excess BioC led to deleterious redirection of flux distribution in primary metabolism or accumulation of a toxic BioC product. We have shown their first postulate to be correct; fatty acid synthesis is blocked.
The finding that malonyl-ACP is the BioC methyl acceptor raises the question of which of the three E. coli 3-ketoacyl-ACP synthases elongates it to the C5 species. The ACP requirement rules out synthase III (FabH) leaving synthases I (FabB) and II (FabF), both of which are known to accept ACP linked primers (23) . Null mutations in either fabB or in fabF fail to engender a biotin requirement, 3 and thus elongation of malonyl-ACP methyl ester is not the exclusive activity of either synthase I or II. It therefore seems that either enzyme will suffice. Unfortunately, because simultaneous inactivation of both synthases I and II is lethal (because of a lack of fatty acid elongation), a fabB fabF null mutant strain cannot be tested. We are currently testing the abilities of FabB and FabF to catalyze elongation of malonyl-ACP methyl ester in vitro.
A possible scenario is that FabD, the reversible malonyl-CoA: ACP transacylase that converts malonyl-CoA to malonyl-ACP (30), might be able to convert malonyl-ACP methyl ester to malonyl-CoA methyl ester and thereby provide a substrate for FabH. However, reversal of the physiological FabD reaction with malonyl-ACP methyl ester seems very unlikely to occur because the extant crystal structures show the guanidinium moiety of a strictly conserved arginine residue (Arg-117 in E. coli FabD) forms a bidentate salt bridge with the carboxylate of malonyl-CoA that orients the substrate in the active site (31) . The methyl group of malonyl-ACP methyl ester would preclude salt bridge formation and undergo steric clashes with the Arg-117 side chain and nearby side chains.
The BioC-BioH pathway is the dominant, but not the only pathway for synthesis of the biotin pimeloyl moiety (6) . Annotated BioC homologues are found in 569 of the 868 complete bacterial genomes currently available. However, some bacteria do not encode a recognizable BioC homologue. The documented exceptions are the ␣-proteobacteria where FabZ, a protein closely related to FabH, plays a key role and a subset of the bacilli that contain a pimeloyl-CoA synthetase (BioW) and BioI, a cytochrome P450 thought to generate pimeloyl moieties by chain scission of long chain fatty acyl moieties. Curiously the BioW-BioI bacilli include only B. subtilis and its close relatives, whereas the rest of the bacilli (e.g., B. cereus) use the E. coli pathway. We have recently reviewed bacterial biotin synthesis (6) and refer the reader to that article for more detail.
